Induced polarization (IP) has been broadly used for environmental and hydrogeological applications and in civil engineering. The IP response of a porous medium without metallic particles (described by its quadrature conductivity or its normalized chargeability) is controlled by the interfacial electrochemistry of the electrical double layer and the pore-space geometry. We use the specific surface per unit pore volume normalized by the formation factor (i.e., S por ∕F) as the controlling textural parameter for the quadrature conductivity. This relationship is obtained by averaging the surface conductance over the pore volume. A database that contains 76 samples (including porous borosilicate glass, sandstones, and clayey sediments) is used to check the new scaling. In addition to these data, we have conducted new IP measurements on 13 samples from the Middle Bakken Formation corresponding to low-porosity clayey materials. Comparison between the experimental data and our model confirms that the ratio S por ∕F is the dominant textural parameter describing the quadrature conductivity σ 0 0 of a broad range of porous media. The database was also used to test whether the quadrature conductivity depended either on S por , or the specific surface area S m , or the ratio S m ∕ðFϕÞ (ϕ being the connected porosity). Although the quadrature conductivity scales with S por and S m for high-porosity sandstones, these relationships are not appropriate for the low-porosity clayey materials presented in this study. However, experimental data support the dependence of the quadrature conductivity on S m ∕ðFϕÞ, a published relationship obtained through the volume averaging approach.
INTRODUCTION
Induced polarization (IP) is a geophysical method that measures the reversible storage of electrical charges in a porous material (Marshall and Madden, 1959; Vinegar and Waxman, 1984) . In the past 30 years, it has been widely used for hydrogeological and environmental studies and to characterize geomaterials in civil engineering (for reviews, see Kemna et al., 2012; Revil et al., 2012) . The IP response of a porous medium without metallic particles can be quantified by the quadrature conductivity σ 0 0 or the normalized chargeability. The case of dispersed metallic particles is discussed in Revil et al. (2015a Revil et al. ( , 2015b and will not be discussed further in this paper. The normalized chargeability is defined as the difference between the high-frequency asymptotic (in-phase) conductivity and the low-frequency asymptotic (in-phase) conductivity. The quadrature conductivity σ 0 0 is the "out-of-phase" component of the complex conductivity σ
, where i denotes the pure imaginary number. Note that according to this definition, the quadrature conductivity is positive in this study. The quadrature conductivity of a porous medium is frequency dependent, and this dependence is closely related to the grain-/pore-size distribution of the material (Leroy et al., 2008; Revil and Florsch, 2010; Revil et al., 2014; . The IP response of a porous medium at low frequencies (<500 Hz) is mainly related to the polarization of the electrical double layer (EDL), which forms in the interface between minerals and the pore-filling fluid (Revil, 2012) . Sorption of heavy metals and metallic cations with a strong affinity for the mineral surface can substantially decrease the polarization of the material . Several experimental results have confirmed the dependence of IP measurements on the pore (space) geometry and the interfacial electrochemistry of the EDL (Lesmes and Frye, 2001) .
The interfacial electrochemistry of the EDL is related to the porefluid chemistry (Schwarz, 1962; Vaudelet et al., 2011) and the surface mineralogy (Lesmes and Frye, 2001; Revil, 2012) . The fluid chemistry includes ion mobility, ionic strength, pH, and pore-water composition Skold et al., 2011; Vaudelet et al., 2011) . It determines the distribution of the counterions in the EDL that balance the extra charges (called counterions) on the mineral surface. Physically, the interfacial electrochemistry and environmental factors such as temperature can be treated as a lumped microparameter, for example, the specific surface conductance (O'Konski, 1960; Revil and Florsch, 2010) in modeling the IP response of porous media. One example of the IP models is the mechanistic Stern layer polarization model developed by Revil and coworkers (e.g., Leroy and Revil, 2009; Revil, 2012 Revil, , 2013 . The Stern layer describes the inner layer of the EDL, the external layer being the diffuse layer.
The pore geometry can also affect the IP response of a porous medium. One important parameter for the pore geometry is the pore size (or the pore-size distribution). Similar to particle size (Schwarz, 1962) , the pore size controls the relaxation time of a porous medium when an alternating electric field is applied . In addition, texture can also affect the IP response of a porous medium. For example, experimental data have shown the specific surface area per unit pore volume S por has a linear correlation with the quadrature conductivity for materials with low formation factors, generally smaller than 100 (Börner, 1992; Weller et al., 2010) . Revil (2013) demonstrates that the ratio S m ∕ðFϕÞ controls the quadrature conductivity of a porous medium (i.e., the specific surface area divided by the product of the intrinsic formation factor and the porosity). This dependence was obtained by upscaling the local equations to the scale of a representative elementary volume. Currently, there is a debate regarding what textural parameter controls σ 0 0 of a porous medium (see recent discussions in Revil, 2014; Weller et al., 2014; Volkmann and Klitzsch, 2016) .
The IP method has been extensively used to solve hydrogeological and environmental problems. In practice, there is an increased need to quantitatively interpret the IP measurements. It is, therefore, of vital importance to identify the appropriate textural parameter (and its limitations), so that better models can be developed for practical applications. The objective of this study is to theoretically develop a general relationship between the quadrature conductivity and the texture of a porous material. We will volume-average the specific surface conductance over the representative elementary volume of a porous material. To test the relationships that will be developed based on theoretical arguments, we also conduct IP measurements over 13 core samples from the Middle Bakken Formation. These low-porosity core samples have distinct petrophysical properties from existing data sets, and they are therefore useful in deciphering what petrophysical relationship between the quadrature conductivity and the texture is appropriate.
THEORY
We first develop a new general theoretical relationship between the quadrature conductivity and the texture of a porous material. The specific surface conductance, a specific electrochemical parameter of the EDL, will be volume-averaged over a representative elementary volume using two different approaches. The quadrature conductivity (a macroscopic quantity) at the scale of this representative elementary volume will be related to this electrochemical volume-averaged quantity.
Averaging over pore volume
We consider a porous medium characterized by a connected porosity ϕ filled with an electrolyte. In the following, we consider the specific surface conductance Σ s , which characterizes the excess conductivity over the thickness of the EDL in the vicinity of the mineral surface. The quantity Σ s is associated with interfacial electrochemistry and is independent of pore geometry. The magnitude of Σ s is proportional to the mobility of the counterions in the EDL and to the surface charge density of the mineral (Revil, 2012) . The effective conductivity of the porous medium σ 0 , i.e., the measured conductivity at laboratory scale, can be obtained by means of perturbation theory. When the pore-water conductivity dominates the overall conductivity and the ratio Σ s ∕σ w ≪ 1 plays the role of a perturbation (σ w denotes the conductivity of the pore water), Johnson et al. (1986) 
where the intrinsic formation factor F and the characteristic pore size Λ are defined as (Johnson et al. (1986) 1
In equations 2 and 3, E 0 ðrÞ is the electric field in the limit Σ s → 0 (i.e., in the absence of EDL). Note that the integrations in denominators of equations 2 and 3 are taken over the whole sample volume V and the pore volume V p , respectively. The integration in the numerator of equation 3 is taken over the wall of the fluid-mineral interface. If we ignore higher order terms, equation 1 assumes the conductivity from bulk and the surface conductivity are in parallel to each other. When the ratio Σ s ∕σ w becomes larger, this is not the case anymore (see Bernabé and Revil, 1995; , and the effective tortuosity describing the tortuous pathways of the current lines shifts progressively from the tortuosity of the bulk pore space to a surface tortuosity (see also Revil and Glover, 1997) . We first consider a specific type of porous media to obtain an explicit expression of the parameter 2∕Λ. We assume that the decrease in the porosity of the material is due to the uniform growth of the solid phase into the pore space. The growth of the solid phase can be viewed as a change in F due to a change in ϕ (Johnson et al., 1986) , i.e.,
where S is the surface area and Δε is a perturbation of the thickness of the surface layer. Alternatively, it can also be treated as a perturbation in the thickness of the conductive EDL coating the surface of the grains (Johnson et al., 1986) ; i.e.,
This yields the following expression for 2∕Λ:
We empirically relate F to ϕ using Archie's (1942) 
where m (dimensionless) is called the porosity or cementation exponent. Then, equation 6 can be simplified as
We consider now that equation 1 applies to the complex conductivity problem. We consider the specific surface conductance is a complex number,
The real part corresponds to electromigration in the EDL, whereas its imaginary part is associated with its polarization. If we insert equation 8 in the complex conductivity version of equation 1, the measured quadrature conductivity of the sample can be related to the out-of-phase component of the specific surface conductance Σ 0 0 s by
Note that the cementation factor m is approximately in the range between 1.5 and 4 (Friedman, 2005) . Compared with S por and F, the range of the variation in m is very narrow, and therefore it can be regarded as a constant. Equation 9 is also consistent with the equations developed by Revil et al. (2012) , for which the quadrature conductivity is expressed as a function of the ratio Q v ∕F, where Q v denotes the excess of charge per unit pore volume. Because Q v is proportional to S por (their ratio being the charge per unit surface area of the mineral), the scaling between the quadrature conductivity and S por or Q v is identical. Because Σ Ã s is only associated with interfacial electrochemistry of the EDL (independent on the pore-space geometry), equation 9 indicates that σ 0 0 is controlled by the textural parameter S por ∕F. This implication is consistent with some published research. For example, Weller and Slater (2012) show that σ 0 0 is linearly proportional to the parameter S por ∕F based on the diffuse layer polarization model (Rink and Schopper, 1974) and the Stern layer polarization model (Leroy et al., 2008) . The merit of equation 9 is that it provides a definite theoretically justified relationship between S por ∕F and σ 0 0 . Therefore, it allows us to conduct a quantitative comparison of the theory with experimental data, as discussed below. We now discuss an approximation for the parameter 2∕Λ (equation 3), so that a closed-form expression of the quadrature conductivity σ 0 0 can be obtained. We start from equation 2 by considering Archie's law (equation 7). In equation 7, the term ϕ m is actually a power function of the ratio of pore volume V p (variable of integration in the numerator of equation 2) over the volume V (variable of integration in the denominator of equation 2). Following the same treatment, we can assume 2∕Λ in equation 3 is also a power function of the ratio of surface area S over pore volume V p ; i.e.,
Therefore, the quadrature conductivity can be related to S por by
where p is an experimental exponent, which is similar to the cementation exponent in Archie's law. Equation 11 can be treated as the equivalent Archie's law for the quadrature conductivity of porous media. It is worth noting that equation 11 is empirical in nature, although some experimental data have been observed to follow such a power-law relationship (Börner, 1992; Kruschwitz et al., 2010; Weller et al., 2010) .
Averaging over solid phase
We derived, above, a general relationship between the quadrature conductivity and the pore-space geometry by averaging the specific surface conductance Σ Ã s over the pore volume. Alternatively, we can also average Σ Ã s over the solid phase V s by considering Joule dissipation:
s is the equivalent complex conductivity of the solid phase associated with the EDL (termed as specific surface conductivity). Then, the electrical conductivity of the core sample (still in the high-salinity limit) is
where G denotes the formation factor of the porous medium after interchanging its solid and pore(fluid) phases and the parameter Π can be regarded as a characteristic particle size, having the following form:
In this study, we call G the reciprocal formation factor. The parameter G can be determined using different theories. For instance, 1∕G can be approximated using effective medium theory as mð1 − ϕ m Þ if σ is larger than 5ðm − 1Þσ s (see Bussian [1983] for the electrical conductivity problem). Note that the integration in the denominator of equation 14 is taken over the volume of the solid phase. Similar to Λ, the characteristic particle size Π would exist in the absence of the EDL, and a determination of Π from one experiment is immediately transferable to another.
It is difficult to derive an analytical form for Π, so we now impose restrictions on the porous medium to simplify the problem. Consider a special case in which the solid phase of the porous medium is the assembly of spheres with the same radius a. We also ignore the influence between the spheres. For this particular porous medium, the effect of the surface conductance is exactly equivalent to the increased conductivity of the sphere, i.e., 2Σ Ã s ∕a (Schurr, 1964) . This implies the characteristic particle size Π is equal to the radius of the sphere, i.e.,
where S a and V a are, respectively, the surface area and volume of the sphere(s) and ρ g denotes the mass density of the grain (in kg m −3 ). Accordingly, σ Ã s can then be written as
This equation is exactly the same as equation 45 in Revil (2012) if we make some assumptions about the relation between Σ Ã s and the surface charge density/ion mobility. Considering equation 13, the measured quadrature conductivity of the sample at laboratory scale can be written as
Indeed, the above equations should also hold for spherical particles with different radii if we apply the superposition principle (however, we will not prove this point here). Equation 17 implies that, for porous media with spherical particles, the controlling textural parameter can also be S m ∕G.
DATABASE
In this section, we will present a database that will be used to check the previous relationships. The samples in the database contain porous borosilicate glass, clean and clayey sandstones, and low-porosity (tight) clayey sediments. Among them, porous borosilicate glass and sandstone samples are from published research and the low-porosity clayey samples are new. The new samples are from the Middle Bakken Formation, and they have distinct petrophysical properties (e.g., porosity and mineralogy) from the existing ones. Therefore, the existing data sets can be extended to cover a broader range of porous media, especially regarding their porosity and formation factor.
Existing data sets

Porous borosilicate glass
The data of the porous borosilicate samples are from Volkmann and Klitzsch (2016) . The related properties of the samples are summarized in Table 1 , which include porosity ϕ, specific surface area S m , specific surface per unit pore volume S por , quadrature conductivity σ 0 0 at 10 Hz, and formation factor F. In Table 1 , S por is calculated based on S m , ϕ, and the grain density ρ s ¼ 2230 kg m −3 (Volkmann and Klitzsch, 2016) , and the formation factor F is calculated using Archie's equation (equation 9) with m ¼ 1.5 (a good estimate for glass beads, see Table 1 of Friedman, 2005) . The conductivity of the NaCl solution σ w is 3 × 10 −4 S m −1 . The particles in the borosilicate samples are almost round (see the scanning electron microscopy images in Volkmann et al., 2013) , and therefore, they can be regarded as spherical particles. The mean particle size of the 15 samples ranges between 2.81 and 316.2 μm, and S m , measured by the Brunauer-EmmettTeller (BET) method, comprises between 0.085 and 1.75 m 2 g −1 .
Sandstones
The properties of the sandstone samples are summarized in Table 2. All the 48 samples are collected from Börner and Schön (1991) , Börner (1992) , Lesmes and Frye (2001) , Binley et al. (2005) , Weller et al. (2011), and . For some samples, the measured S por is not directly available and was estimated Table 1 . Summary of experimental parameters of the porous borosilicate glass samples. Data are from Volkmann and Klitzsch (2016) . The related parameters include porosity ϕ, specific surface area S m , specific surface per unit pore volume S por , quadrature conductivity at 10 Hz σ 0 0 , and formation factor F. The related pore-water conductivity is 3 × 10 −4 S m −1 . The intrinsic formation factor F is calculated as ϕ −m with m 1.5. Table 2 . Summary of the sandstone samples. The related parameters include porosity ϕ, specific surface area S m , specific surface per unit pore volume S por , quadrature conductivity at 1 Hz σ 0 0 , and formation factor F. The pore-water conductivity is close to 0.1 S m −1 . This table is adapted from Table 1 in by adding data sets from Börner (1992) and . from its porosity, specific surface area, and grain density (assuming 2650 kg m −3 ). When the (intrinsic) formation factor was not available, it was determined from their measured porosity and a constant cementation exponent m of 1.5. Note that we also tried other values for m, and it is shown that the change in m (from 1.5 to 2) did not affect the main conclusions made in this study. In general, the petrophysical properties of the sandstone sample vary considerably, covering a broad range of values. For instance, the porosity ranges from 4.6% to 35.6%, and S por comprises between 0.12 and 50.6 μm −1 .
New data set
We conducted IP measurements on 13 samples from Middle Bakken Formation to expand the existing data sets. We chose Middle Bakken samples for the following reasons. First, the samples have a large variety in mineralogy. The most abundant minerals in the samples are carbonate (22.7%-49.4%), followed by silica (13.5%-48.3%). The clay content (mainly illite and smectite) changes between 2.5% and 32.1%. Second, these samples generally have very low porosities (2.9%-9.0%) and quite large specific areas (2.52À11.94 m 2 ∕g; see Table 3 ) by comparison with existing data sets. These samples, therefore, can extend the existing data sets to cover a wider range of porous media. Third, we try to test the applicability of the existing IP theory in interpreting log data for hydrocarbon exploration because significant producible oil reserves exist within the Bakken Formation.
IP measurement and results
The sample was saturated with an NaCl solution in a vacuum chamber. After saturation, the fluid conductivity was measured and the result is σ w ¼ 0.18 S m −1 . The resistance and phase shift of the saturated samples were then measured from 0.1 Hz to 10 kHz using the spectral IP instrument described in Zimmermann et al. (2008) . We use a four-terminal technique with silver-silver chloride electrodes in the measurement to minimize the influence of the electrode polarization. The measured resistance was converted into in-phase and quadrature conductivities using a geometric factor to account for the sample geometry and the electrode arrangement. The geometric factor was numerically calculated using the finite-element method with the commercial finite-element solver COMSOL Multiphysics. For details of the numerical calculations, one can refer to Jougnot et al. (2010) and Butler and Sinha (2012) .
The measured quadrature conductivity σ 0 0 is shown in Figure 1 for all the samples. Only the data in the frequency range between 0.1 and 1000 Hz are shown here, because at higher frequencies, the Table 3 . Summary of experimental parameters of the samples from the Middle Bakken Formation (this work). The related parameters include porosity ϕ, specific surface area S m , specific surface per unit pore volume S por , quadrature conductivity at 100 Hz σ 0 0 , and formation factor F. The associated pore-water conductivity is 0.18 S m −1 .
No.
Sample Table 2 . Summary of the sandstone samples. The related parameters include porosity ϕ, specific surface area S m , specific surface per unit pore volume S por , quadrature conductivity at 1 Hz σ 0 0 , and formation factor F. The pore-water conductivity is close to 0.1 S m −1 . This table is adapted from Table 1 in by adding data sets from Börner (1992) and . (continued) No. The formation factor F is calculated as ϕ −m with, by default, m ¼ 1.5.
influence of interfacial/membrane polarization and electromagnetic coupling effect could be significant. It is shown that almost all the samples do not exhibit a clear relaxation peak in σ 0 0 . It seems there exists a critical frequency f c , below which the quadrature conductivity increases monotonically with the frequency. When f > f c , the quadrature conductivity reaches a plateau, and this plateau usually lasts for one or two orders until the membrane/interfacial polarization starts to play important roles. This typical IP response corresponds to the "type A" material as defined in Revil (2013) , which is characterized by a broad pore-size distribution. The typical pore-size distribution of the Middle Bakken samples is determined using the mercury injection capillary porosimetry (MICP), and the result is shown in Figure 2 . The sample used for MICP was cored from the location near where sample MB23 was cored. As shown in Figure 2 , the pore size of the sample is mainly distributed from 0.005 to 0.1 μm. This broad pore-size distribution is associated with a relatively flat quadrature conductivity response (see Revil, 2013) . In this sense, the pore-size distribution from MICP is consistent with the IP responses in Figure 1 for the Middle Bakken samples.
Petrophysical properties
The quadrature conductivity of the Middle Bakken samples at 100 Hz is summarized in Table 3 . Note that we chose the data at 100 Hz for the Middle Bakken samples instead of data at 1 Hz. This is because we believe the quadrature conductivity at 100 Hz is more appropriate to quantify EDL polarization of these low-porosity clayey samples (to be discussed in detail later). This is due to the small size of the clay particles, which would therefore polarize at higher frequencies. The relevant petrophysical properties, such as porosity, specific surface area, and specific surface per unit pore volume, are shown in Table 3 for the Middle Bakken samples. The porosity was measured by the change in the weight of saturated samples before and after drying. The specific surface area was determined using the BET method. The specific surface per unit pore volume was calculated based on the porosity, specific surface area, and grain density (assuming 2650 kg m −3 ). Because the Middle Bakken samples contain a significant amount of clay minerals, the surface conductivity cannot be ignored. To determine the formation factor of the samples, we conduct the electrical conductivity measurement at a second salinity, σ w ¼ 11.9 S m −1 . At this salinity, the surface conductivity might still have some influences on the overall conductivity, and it may not be appropriate to determine the formation factor as the ratio of σ w ¼ 11.9 S m −1 over the sample conductivity. Here, we provide a simply way to estimate the (intrinsic) formation factor based on two apparent formation factors. As shown in , the asymptotic behavior of apparent formation factor F a ðσ w Þ can be related to intrinsic formation factor F and σ w by
where σ 0 s is the real part of the specific surface conductivity σ Ã s . The apparent formation factor F a is calculated as the ratio of the fluid conductivity over the measured in-phase conductivity of the samples; i.e., F a ¼ σ w ∕σ 0 . Note that equation 18 is derived from the differential effective medium theory (Bussian, 1983 ) using binomial expansion and retaining only first-order terms. A similar relation is also proposed by Weller et al. (2013) .
There are only two unknowns in equation 18, i.e., F and mð1 − 1∕FÞσ 0 s , and therefore measurements at two salinities are sufficient for the calculation of the (intrinsic) formation factor. We use the measured in-phase conductivity at two salinities to calculate F for all the samples using equation 18, and the results are shown in Table 3 . In Figure 3 , we plot the apparent formation factor (two salinities) against the intrinsic formation factor to demonstrate the influence of the surface conductivity. For σ w ¼ 11.9 S m −1 , the apparent formation factor is quite close to the intrinsic formation factor, although it could still significantly underestimate the value of F when F > 300 (Figure 3) . For σ w ¼ 0.18 S m −1 , the apparent formation factor is considerably lower than the intrinsic formation factor, indicating a very strong influence of the surface conductivity.
THEORY VERSUS EXPERIMENTS Porous media with spherical particles
The experimental data of the porous borosilicate glass in Table 1 are used to verify equation 9. The quadrature conductivity σ 0 0 multiplied by the formation factor F is plotted against the specific surface per unit pore volume S por in Figure 4 . According to equation 9, the product σ 0 0 ·F is linearly proportional to S por for a specific porous medium and the slope is m · Σ 0 0 s , which can be related to pore-fluid chemistry and surface mineralogy, based on the Stern layer polarization model (Revil, 2012) :
where Q s is the charge density on the mineral surface and β S ðþÞ denotes the ion mobility in the Stern layer. The partition coefficient f p defines the relative fraction of counterions in the Stern layer and is controlled by the fluid chemistry and the mineralogy of the porous medium. For the porous borosilicate glass, because the fluid chemistry is the same for all the samples, the parameter m · Σ 0 0 s is a constant. According to equation 9, the data points in Figure 4 are supposed to show a linear relationship. This is exactly the case shown in Figure 4 for the glass beads. The excellent linear correlation (R 2 ¼ 0.93) validates the use of the ratio S por ∕F as the controlling textural parameter for porous media with spherical grains. Now, we use the data in Table 1 to test equation 17. The quadrature conductivity σ 0 0 multiplied by the reciprocal formation factor G is plotted against the specific surface area S m in Figure 5 . Note that G is calculated as mð1 − ϕ m Þ according to differential effective medium theory (Bussian, 1983) . A strong linear correlation (R 2 ¼ 0.94) is found for the porous borosilicate glass, which is consistent with equation 17. The results shown in Figure 5 confirm that the parameter S m · G can also be the controlling textural parameters for porous media with spherical particles.
Sandstone and low-porosity clayey materials
In Figure 6 , the quadrature conductivity σ 0 0 multiplied by the formation factor F is plotted against the specific surface per unit pore volume S por for the sandstone and low-porosity clayey sediment samples in Tables 2 and 3 . We believe the low-porosity clayey sediments are distinct from other sediments in the following proper- Figure 4 . The relation between the quadrature conductivity σ 0 0 multiplied by formation factor F and the specific surface per unit pore volume S por for porous borosilicate samples. The data are from Volkmann and Klitzsch (2016) . The solid line is the best linear fit to the data (R 2 is 0.93). multiplied by the reciprocal formation factor G and the specific surface area S m for porous borosilicate samples. The value of G is calculated as mð1 − ϕ m Þ according to the differential effective medium theory (Bussian, 1983) . The data are from Volkmann and Klitzsch (2016) . The solid line is the best linear fit to the data (R 2 ¼ 0.94). Figure 3 . The apparent formation factor (at σ w ¼ 0.18 and 11.9 S m −1 ) versus the intrinsic formation factor of the Middle Bakken samples. The apparent formation factor is determined as the ratio of the fluid conductivity over the measured in-phase conductivity of the sample. The intrinsic formation factor is determined as the asymptotic values of the apparent formation factor at high salinity. ties: (1) high specific surface area because of a high clay content and (2) low porosity. For other clayey sandstones, such as sample PS1 in Table 2 , although it has large surface area (e.g., 3.49 m 2 ∕g), its porosity is also very large (19.4%). Therefore, the related parameter S por is still lower than the low-porosity clayey sediments as shown in Figure 6 . For other low-porosity sandstones, such as sample FS5, although it has very low porosity (e.g., 5.4%), its surface area is also low (0.003 m 2 ∕g), and thus the parameter S por is still very low (e.g., 0.12 μm −1 ) if compared with Middle Bakken samples as shown in Figure 6 . The distinct properties of the low-porosity clayey sediments make Middle Bakken samples a unique material for checking the validation of the existing theory published in the literature and the new theory presented in this study.
The theoretical "clean sand trend" and "clayey sand trend" calculated with equation 8 are also plotted in Figure 6 . The clean sand trend is calculated with Q s ¼ 0.02 C m −2 (Leroy et al., 2008) , f p ¼ 0.50 (Leroy et al., 2008) , and β S ðþÞ ¼ 5.2 × 10 −8 m 2 V −1 s −1 (Revil et al., 2014a) . The clayey sand trend is calculated with Q s ¼ 0.16 C m −2 , f p ¼ 0.95 (Revil, 2012) , and β S ðþÞ ¼ 1.5 × 10 −10 m 2 V −1 s −1 (Revil et al., 2014a) . Note that the values of β S ðþÞ of clean and clayey sands are independently derived using the relaxation time and the characteristic pore-size data (Revil et al., 2014a) . The different value of β S ðþÞ for clay and sand is justified by the fact that the counterions in the Stern layers are strongly sorbed on the clay mineral surface (van Olphen and Waxman, 1958), but they are only weakly sorbed on the surface of silica (Carroll et al., 2002) . Figure 6 shows that all the low-porosity clayey sediment samples lay close to the theoretical clayey sand trend as predicted by equation 8. However, most of the sandstone samples behave between a clean sand trend and a clayey sand trend. The electrical response of the sandstones is mainly controlled by (1) the amount of clays in the materials and (2) the mineral surface properties. Because clay has higher surface charge density Q s than other minerals, such as calcite, the amount of clay in a sandstone could dominate its Q s value, and thus control the specific surface conductance and the quadrature conductivity response. In addition, the contamination of impurity, such as alumina and iron on the grain surface in natural sandstones, could also influence the mineral surface property, and it is possible their surface will exhibit a behavior closer to the clayey sand trend (Revil et al., 2015) . An example is the Fontainebleau sandstones. As pointed out by Revil et al. (2014b) , the surface properties of the Fontainebleau sandstone are not same as the pure silica, although it is a clean sandstone (99.8% silica). The impurities (Fe and Al) in the silica cement coating the surface of the grains may modify the surface properties of the mineral, and thus have drastic effect on the EDL properties (Ishido and Mizutani, 1981) . These two effects explain why the sandstone samples in Figure 6 scatter between the theoretical clean sand trend and clayey sand trend. Despite the scatter in the data, in general, a clear linear relation can still be found in Figure 6 for the sandstones and low-porosity clayey sediments, indicating the validation of S por ∕F as the controlling textural parameter for the quadrature conductivity.
TESTING OTHER PARAMETERS
According to the existing IP models, some other textural parameters could also be regarded as the controlling parameter for the quadrature conductivity of porous media. These parameters include S por (see equation 11 in Weller et al., 2011) , S m (see equation 45 in Revil, 2012) , and S m ∕ðFϕÞ (see Revil [2013] for detailed discussions or see equation 8 in Revil, 2014) . In this section, we use the sandstone and low-porosity clayey sediment samples to test these parameters.
Dependence on S por
The important role of S por in controlling the magnitude of the IP responses has been emphasized in early studies (Börner, 1992; Börner et al., 1996) . Recently, propose to use S por as the controlling textural parameter based on the experimental fact that σ 0 0 and S por have a single linear relationship for several porous media. We use the data sets in this study to test the statement, and the results are shown in Figure 7 , where S por is plotted against σ 0 0 for the samples. Note that the range of S por in Figure 7 is between 0.1 and 100 μm −1 , 1 order larger than that in . In Figure 7 , the low-porosity clayey Figure 7 . The relation between the quadrature conductivity σ 0 0 and the specific surface per unit volume S por for sandstone and lowporosity clayey sediment samples. The solid line is the best linear fit to the sandstone samples. multiplied by formation factor F and the specific surface per unit pore volume S por for sandstone and low-porosity clayey sediment samples. The theoretical "clean sand trend" and "clayey sand trend" are also shown in the figure.
Pore geometry and quadrature conductivity E305 samples exhibit a distinct response from the sandstones that follow a single linear trend. It seems that the specific surface per unit volume S por is not the appropriate textural parameter controlling the quadrature conductivity of porous media.
Dependence on S m
The POLARIS model developed by Revil (2012) for high-porosity materials states a linear relationship between S m and σ 0 0 , implying S m as the controlling textural parameter. We now test this implication with the data sets in this study. The quadrature conductivity of the samples is plotted against the specific surface area in Figure 8 . A strong linear correlation is found for the sandstone samples. However, the low-porosity clayey materials show a different trend. This indicates that S m might not be the controlling textural parameter for the quadrature conductivity of low-porosity porous media. As discussed by Revil (2013) , it requires a correction by the tortuosity of the material.
Dependence on S m ∕Fϕ
Using the volume averaging approach, Revil (2013) develops a new IP model for porous media, which relates σ 0 0 to S m by the following equation:
In equation 20, the term ρ s f p β s ðþÞ Q s represents the influence of interfacial electrochemistry, and the term S m ∕ðFϕÞ denotes the pore geometry. Accordingly, the controlling textural parameter is S m ∕ðFϕÞ. To test this, we multiply σ 0 0 by F and ϕ for all the sandstones and low-porosity clayey sediments, and the results are plotted against with S m in Figure 9 . In general, a clear linear correlation is found for all the samples, although the low-porosity clayey sediments, which lie close to the theoretical clayey sand trend, show a slightly different trend with the sandstones. The data points of sandstones scatter between the clean sand trend and clayey sand trend, and their response probably are controlled by the amount of clay or properties of mineral surface as discussed before. Comparing Figures 7-9 , it appears the correlation between S m ∕ðFϕÞ and σ 0 0 is better than the correlation between S m (or S por ) and σ 0 0 .
Comparing Figures 6 and 9 , it seems that S por ∕F and S m ∕ðFϕÞ can be regarded as the controlling textural parameters for the quadrature conductivity of porous media. Indeed, the parameter S por ∕F can be rewritten as ρ s ð1 − ϕÞS m ∕ðFϕÞ if we consider S por ¼ ρ s ð1 − ϕÞS m ∕ϕ. The term ρ s ð1 − ϕÞ is actually the dry density of the porous media ρ. Considering the fact that the density of consolidated sediments varies within a small range (approximately <30%), S por ∕F and S m ∕ðFϕÞ can therefore be treated as a nearly equivalent quantity, especially for low-porosity core samples.
DISCUSSION
Influence of fluid conductivity
The quadrature conductivity of the low-porosity clayey sediment samples shown in Table 3 is measured with a pore-fluid conductivity σ w of 0.18 S m −1 . However, other data reported in Table 2 are measured at σ w ¼ approximately 0.1 S m −1 . Therefore, it is necessary to discuss the possible influence of this salinity difference. The fluid salinity can affect the measured in-phase and quadrature conductivities through two ways: (1) changing the tortuosity and (2) the partition coefficient (Revil, 2012) . Because the influence of the latter is minor as shown in , here we only focus on the former factor. The tortuosity change can be well-captured using the following differential effective medium theory-based conductivity model (Bussian, 1983) :
Essentially, σ Ã s is a weak function of the fluid conductivity as the salinity will change the relative fraction of ions in the Stern/diffuse layer (Revil, 2012) . However, this influence is very small, and we simply assume it is constant.
We take sample MB56 as an example to estimate the salinity influence on the quadrature conductivity (100 Hz). The related petrophysical properties of sample MB56 is as follows: F ¼ 135 and Figure 9 . The relation between the quadrature conductivity σ 0 0 multiplied by Fϕ (F being the formation factor and ϕ being the porosity) and the specific surface area S m for sandstone and low-porosity clayey sediment samples. The theoretical clean sand trend and clayey sand trend are also shown in the figure. Figure 8 . The relation between the quadrature conductivity σ 0 0 and the specific surface area S m for sandstone and low-porosity clayey sediment core samples. The solid line is the best linear fit to the sandstone samples.
Because there is still an unknown (i.e., σ Ã s ), we use the complex conductivity measurements at two salinities to constrain σ Ã s : σ Ã ¼ 0.008 þ 1.9 × 10 −5 i S m −1 at σ w ¼ 0.18 S m −1 and σ Ã ¼ 0.09 þ 2.9 × 10 −5 i Sm −1 at σ w ¼ 11.9 S m −1 . The determined σ Ã s is equal to 0.004 þ 1.6 × 10 −5 i S m −1 , and the theoretical curve and measurements are plotted in Figure 10 , which show good agreement. Now, we use equation 21 and the related parameters to estimate the influence of fluid conductivity on the quadrature conductivity of sample MB56. We calculate the quadrature conductivity of the sample at σ w ¼ 0.1 S m −1 , and the result is 1.84 × 10 −5 S m −1 , which is very close to the quadrature conductivity at σ w ¼ 0.18 S m −1 (1.9 × 10 −5 S m −1 ). Note that the difference in the quadrature conductivity is only 3%, indicating that the influence of the difference in the fluid conductivity is insignificant. Therefore, we believe it is appropriate to use the measurements at σ w ¼ 0.18 S m −1 in this study, and the fluid conductivity difference will not change the conclusion made in the previous sections.
Influence of frequency/pore size
Note that the quadrature conductivity of the Middle Bakken samples in Table 3 is taken at frequency f ¼ 100 Hz. We chose this value because at this frequency, the quadrature conductivity of almost all the samples reaches a plateau (see Figure 1) , implying a maximum contribution from the EDL polarization. However, data in Table 2 are taken at frequency f ¼ 1 Hz, simply following the selection in Börner and Schön (1991) and Börner (1992) . The underlying assumption of using f ¼ 1 Hz is that the pore size of the materials is intermediate (approximately in the range between 100 and 0.1 μm). This assumption may be valid for sandstones, e.g., for samples in Börner (1992) . However, it is questionable to use f ¼ 1 Hz for other materials that are dominated by very small or very large pores.
The characteristic relaxation frequency can be related to the pore size r by using the following equation (Schwarz, 1962) :
where τ 0 is the characteristic time and D S ðþÞ is the diffusion coefficient of ions in the Stern layer, which can be related to the mobility of counterions in Stern layer β ). Now, we use equation 22 to estimate the appropriate relaxation frequency low-porosity clayey samples. The associated pore size is generally smaller than 1 μm (see Figure 2) , and therefore, the characteristic relaxation frequency is higher than 10 Hz according to equation 22. To adequately account for the EDL polarization, it is better to choose a higher frequency (e.g., f ¼ 100 Hz in this study).
In , some unconsolidated sediments are used to support their conclusion. However, we did not use the associated data set because the quadrature conductivity data are taken at f ¼ 1 Hz. For the unconsolidated sediments, the pore/particle size is quite large, approximately 1 mm (see Slater and Glaser, 2003) , and therefore, the associated characteristic relaxation frequency would be very low (approximately <0.01 Hz according to equation 22 using D s ðþÞ ¼ 1.3 × 10 −9 m 2 s −1 ). Obviously, the use of data at f ¼ 1 Hz could underestimate a lot the quadrature conductivity of the samples. Therefore, it is suggested to use low-frequency (<10 mHz) quadrature conductivity data rather than data at 1 Hz for these unconsolidated sediments.
CONCLUSION
A theoretical analysis indicates that the parameter S por ∕F is the textural parameter controlling the quadrature conductivity of porous media. A database that contains different types of siliciclastic materials has been developed to test this prediction. The comparison between theory and experiments confirms this statement for a broad range of porous media, including borosilicate beads, sandstones, and low-porosity clayey samples. For porous media mainly made of spherical particles, the parameter S m ∕G may also be treated as a controlling pore-space geometry parameter. In this case, the reciprocal formation factor G is calculated as mð1 − ϕ m Þ (m is the cementation exponent entering Archie's law) according to differential effective medium theory. The database is also used to determine the degree of correlation between the quadrature conductivity and S por , S m (the specific surface area), and the ratio S m ∕ðFϕÞ. Although S por and S m may work for highly porous sandstone core samples, they are not appropriate for the low-porosity clayey sediment samples presented in this study. The experimental data support the parameter S m ∕ðFϕÞ, which is obtained using a volume averaging approach as the controlling textural parameter for the quadrature conductivity of porous media. LABX56). We also thank Whiting Petroleum Corporation for providing the core samples. Finally, we thank the four referees and the associate editor for their very useful comments that have significantly improved this manuscript.
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